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FOREWORD

T'his research was conducted at the Hamilton Standard Division of United Aircraft Cor~
poration under Contract NASW 1350 with the Biotechnology and Human Research Divi-
sion of the Office of Advanced Research and Technology, the National Aeronautics and
Space Administration. The contracting officer was Herbert S. Snyder.

The principal investigator was Dr. Nils A. Normann and collaborating in the Program
were the Misses Mary Ann Bianchi and Analee Gelman.

Animal care and experimental procedures were executed in accordance with the "Guid-

ing Principles in the Care and Use of Animals" put forth by the American Physiological
Society. A licensed veterinarian was responsible for animal care procedures.
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EXPERIMENTAL AND ANALYTICAL STUDY
OF
CARDIOVASCULAR CONTROL LOOPS
By N, A, Normann, M.D,
Biomedical Systems Department
Hamilton Standard

A Division of United Aircraft Corporation
Farmington, Connecticut

SUMMARY

The purpose of this program has been to gain access to the information flowing in
intact autonomic nerves, specifically as it relates to circulatory control. To this end,
methods have been developed with which neural data have been obtained from represent-
ative efferent and afferent visceral nerves in the cat. Briefly summarized, the re-
sults are the following:

Technological
I. Electrodes have been developed which:
a. Are well tolerated and cause a minimum of trauma.
b. May be placed on small and relatively inaccessible nerves,
¢. Minimize bio-electric interference (ECG, EMG).

d. Are suitable for implantation.

II, Methods have been developed for implanting electrodes and for monitoring
nerve traffic in the intact animal (hard-wire system).

11, Cross-correlation technique has been the principal method of nerve impulse
identification. Signal conditioning and processing were sought and optimized
for selectivity with respect to the various classes of nerve impulses.
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Signal averaging was applied to the cross-correlated data, thus improving
the accuracy of the nerve patterns occurring during cardlac and/or respir-
atory cycles. :

Experimental

Probably the most significant findings obtained in this study pertain to the
functional organization of sympathetic outflows and to sympathetic responses
to hypoxia:

a. Under acute experimental conditions, in response to hypoxia, the sym~
pathetic outflow patterns in upper and lower thoracic segments may be
entirely different. Thus, the outflow in the third segment may display
only a decline, while at the same time the outflow in the greater
splanchnic nerve may increase several fold,

b. The sympathetic responses to hypoxia appear dependent upon the pre~
hypoxic level of activity; from a previously high level (if not caused by
COy) it is more likely to show a decrease only.

c. Elevated concentrations of CO, (up to 10 percent) to varying degrees
increased sympathetic outflow before and during hypoxia; post-hypoxic
"depression'' was shortened, Tendency to cardiac and/or respiratory
modulation was accentuated; combination of hypoxia and hypercarbia

might cause respiratory '"bursts' to appear at double the fundamental
frequency (Figure 5.).

d. Inthe greater splanchnic nerve, the outflow pattern in B-fibers may
differ both quantitatively and temporally from that observed (simulta-
neously) in efferent C-fibers.

e. 'Steady state" sympathetic outflows vary from animal to animal in a
seemingly unpredictable manner.

Attempts to correlate adrenal medullary secretion of catecholamines with
greater splanchnic nerve traffic were unsuccessful. The data suggest that
in response to hypoxia, the animal secreting catecholes with a higher nor-
epinepherine - epinephrine ratio tends to maintain a higher arterial blood

pressure, ‘

Baroreceptor impulses from the aortic arch were monitored in the intact
left vagus. Experiments with ganglionic block indicate that sympathetic
"tone" may reduce the number of baroreceptor impulses elicited by a given
blood pressure and pulse wave.
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Simultaneous recordings of baroreceptor impulses from the aortic arch and
from the carotid sinus demonstrated that if they are added algebraically the
resulting waveform (envelope) represents both spatial and temporal sum-
mation, On the basis of such a recording, the pulse wave velocity in the
common carotid artery (cat) was calculated to be 16. 7 meters per second.

Afferent impulses originating in pulmonary stretch receptors were ob-
tained from the intact right vagus nerve in the neck. The pattern was found
to parallel closely the radial (combined radii) expansion of the chest.

Attempts to analytically isolate efferent or slow conducting afferent fiber
groups in the intact cervical vagus were unsuccessful; at the present
stage the methods lack the necessary sensitivity.

Experiments with implanted electrodes on autonomic nerves demonstrated
that this is feasible. However, to obtain satisfactory results improve~
ments are needed with respect to electrode structure and to noise interfer-
ence,

During the study it became evident that autonomic nerve data should be ob-
tained in the intact animal; anesthesia and surgery profoundly distort ''nor-

mal” autonomic circulatory control modes.

Present limitations of the methods have been discused.
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BACKGROUND AND OBJECTIVES -

Neuro-humoral factors are intimately involved in control of the circulation of blood,
The ability of the cardiovascular system to respond appropriately to sudden changes and
to increased demands is to a great extent due to the existence of neural control loops ~
providing system adaptation with suitable speed (time-constants) and stability.

The neural, autonomic* pathways involved and their functional significance are well
known in a general, qualitative way. In contrast, knowledge of the quantitative, opera-
tional characteristics of the autonomics in the intact organism is rather scant; conclu-
sions in this regard are reached mainly by interpretation of "symptoms", i.e., by in-
ference. This lack of direct, pertinent information pertains both to "normal' and "ab~-
normal' states; knowledge of the exact mechanisms involved in circulatory adaptive
processes is fragmentary - whether the adaptation is in the response to a coronary
occlusion or to a change in gravitational load. Observations of hemodynamic quantities,
such as pressures and flows are by themselves apt to be of limited value, inasmuch as
they represent parameters which the system tends to control. Direct access to infor-
mation flowing in relevant control loops would be expected to produce further insight
into system behavior and might also provide a sensitive, quantitative indicator of certain
adaptive processes,

In consonance with the considerations briefly outlined in previous paragraph, the
overall objective of the program has been to gain access to information flowing in intact
autonomic nerves, relevant to circulatory control, The specific objectives have been -

(1) To develop the necessary methodology and '

(2) To apply the methods in an analysis of autonomic functional organization.

* "Autonomic' is here used in a wider sense, thus including visceral sensory pathways,
e.g. from baroreceptors, '
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INTRODUCTION

The Program has been supported by two consecutive contracts, NASW 1061 and NASW
1350, and consists therefore of two phases. During the first contract period (PhaseI)
it became evident that decoding of autonomic nerve traffic entailed more obstacles and
pitfalls than anticipated; consequently, the major efforts had to be directed toward
methodology. Briefly summarized, the results of the first phase were: (a) Development
of basic methods; (b) Demonstration of feasibility; (c) Determination of method limita~
tions; (d) Some initial observation pertaining to autonomic efferent and visceral afferent
impulse patterns.

During the second phase, which this report is concerned with, the efforts to improve
methods were continued, Experimentally, we have sought to substantiate and extend the
findings in Phase I, especially those which pertain to autonomic (sympathetic) functional
organization. As experience was gained, it became evident that observations made under
acute experimental conditions are of limited value: anesthesia and surgery profoundly
alter the character and responsiveness of autonomic outflows, For a meaningful analysis
(and if the results are to be extrapolated to man) neural information should be obtained
from the intact animal, Considerable time and effort have therefore been expended on
electrode implant technology.
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GENERAL METHODS

Nerve Traffic Analysis

Raw data obtained from an intact nerve consist of impulses occ;urring in more or
less random fashion, If the nerve is composed of two or more fiber groups, whichis
frequently the case, it is difficult or impossible to determine with any degree of accura~-
cy the activity in each group by a mere inspection of an oscilloscope trace. Anatomi-
cally and functionally, however, the fiber populations may differ considerably in terms
of direction and velocity of impulse conduction, the velocity being proportional to fiber
diameter. These differences have been utilized as means of identifying the individual
nerve impulses. Douglas and Ritchie (reference 1) developed a method based on coali~
tion between an artificial antidromic volley and spontaneous ortho-dromic impulses; the
cancellation occurring at a given distance served as identification and as a measure of
population activity (reference 1). The method is limited in its applicability because it
introduces and relies on artificial stimulation, a feature which frequently necessitates
cutting the nerve, Yasargil (reference 2) in a study of naturally occurring efferent and
afferent impulses in the intact phrenic nerve, used two pairs of electrodes and displayed
the two channels of recorded nerve signals on a dual beam oscilloscope; the polarity of
an impulse at the active electrode indicated direction, and the electrode-distance/time
ratio gave the speed of conduction (reference 2). The same principle has later been
employed more efficiently by the use of electronic analog computers (references 3, 4,
5, 6)and constitutes the basis for the method employed in the present study. Recorded
from two sites on a nerve, "A" and "B", two channels of nerve signals are obtained.
The time difference for impulses common to the two channels is determined by feeding
the signals of one channel through a variable delay line and from the other channel di-
rectly. Depending on the travel time between A and B, at a certain delay an impulse
recorded at the two sites will appear coincident at the two outputs. The coincidence of
gignals may be established by use of an AND gate or by multiplying the outputs from the
two channels, resulting in a cross-correlation function, The distance between electrodes
divided by the matching delay time corresponds to speed of conduction; direction (efferent
or afferent) is determined according to which channel is being delayed.

In practice, platinum electrodes were placed under the intact nerve at two separate
sites. After suitable amplification (gain: 10,000) the two channels of nerve signals were
recorded on tape together with other relevant data, such as blood pressures, ECG, res~
piration. The first step in the analysis of the neural data was to identify the fiber groups

involved: a certain portion of data (30 to 60 seconds in length) was transferred to a tape

loop, From the loop the data was fed through the correlator, and for each revolution of
the tape loop the delay was automatically increased in 256 msec. steps. On an X-Y plot a
- curve was obtained indicating at which delays (afferent or efferent) activity was present,
For example, if the electrode distance was 12 millimeter and a peak appeared when
proximal (central) electrode channel was delayed 2 msec, , it would indicate activity in
efferent fibers conducting impulses at the speed of 6 meters per second (6 millimeter
per msec.).



Cross-correlation, as just déscribed is mh&rentiy a atétiéstiycai method by W ch
signals may be retrieved out of '"noise". The effective signal/nmse ratio greatly deter-
mines the amount of mformation which can be obtained,

Under certain circumstances, the flow of 1mpulses in autonomic nerves (e.g. sym-
pathetic efferents) may display a distinct modulation in phase with either cardiac or
respiratory cycle or both. The repetitive pattern thus encountered lends itself to further
statistical treatment of the data. In this study a "Computer of Average Transients"
(CAT 400, Technical Measurement Corporation (TMC))was employed. After cross-
correlation, neural and other data were fed into the CAT, utilizing trigger signals
obtained from ECG, arterial pulse, or respiration. During the sample period (sweep)
following each trigger impulse, data were stored in the computer's memory. In this
manner, by summing the data from 20 to 40 samples, the resulting signal defmitwn was
significantly improved.

- ‘Catecholamine Deterhainations

In the experiments performed during the first phase of the program, involving adre-
nal medullary output, total catecholamines were determined. Because of the significant
differences in their physiological effects, the two catecholamines, ‘epinephrine and nor-
ephinephrine, have been determined separately in the present series. The lowest con-
eantratiu permitbiug reliable meaaurement is O 03 microgram (& 0.:005) per milhliter

nt methads i




PRESENTATION OF EXPERIMENTAL MATERIAL

Adrenal Medullary Catecholamines and Circulatory
Responses to Hypoxia

Monitoring of Baroreceptor Signals

Monitoring of Signals from Pulmonary Stretch
Receptors '

A general discussion of methods used in the various experiments will precede the
detail discussion of the individual experiments. Each section covering a specific
experiment category will contain, as applicable, information on specific methods,
data, results, and conclusions pertinent to that series of experiments.

Methods -~ General

The animals were anesthetized with chloralose (30 mg/kg) and uretane (250 mg/kg),
or pentobarbital sodium (30 mg/kg), depending on the objectives of the experiment,
After the introduction of an endotracheal tube, anesthesia was maintained with a mixture
of nitrous oxide and oxygen in the ratio of three to one, An air-driven pump, connected
to the endotracheal tube, provided respiratory ventilation for the open-chest experiments,

Arterial and venous pressures were obtained through teflon catheters placed in the
right common carotid artery or femoral artery and the external jugular vein, The trans-
ducers used were Statham P23AA and P23BB, The electrocardiogram was obtained by
the use of subcutaneous needle electrodes. Nerve signals were amplified by cascading
wo Tektronix 122 battery-ope: ted preamplifiers (a total g )s with a band :

silastic sheetir g (3 m
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with Silastic 382 elastomer) which was connected to a shielded multi~-strand silver wire,
In the chronic animals, this extension was threaded subcutaneously and brought to the
surface (back of neck) where it was soldered to a miniature connector (Cannon), This
was used as a point of contact for recording nerve signals in the unanesthetized animals.

Sympathetic Outflow During Hypoxia

Of the multiple, physiological responses elicited by a reduction in available oxygen,
that of the cardiovascular system is of particular interest., The ability to withstand
the hypoxic stress is to a great extent determined by cardiac performance and by vas-
cular adjustments, These cardiovascular changes come about by a complex interplay of
a variety of "regulatory' factors, such as hemodynamic (hydraulic), auto-regulatory,
biochemical, hormonal, and neural. The experiments to be described are concerned
with the nerual component in the physiological response to acute, short-term hypoxia,
anoxia or asphyxia., More specifically, an effort has been made to elucidate the
character of sympathetic outflows under these conditions, It is well known that an
nactivation! is the overall sympathetic response to acute anoxia, thus representing a
major factor in cardiovascular adjustments; the exact nature of this activation, how-
ever, is much less known,

Experimental Data. - Sympathetic outflows strongly affect both the pumping per-
formance of the heart and the impedance - capacitance characteristics of the vascular
bed. Accordingly, in this series of experiments, the sympathetic nerve'data obtained
fall into two categories: a) those obtained in cardiac nerves and b) those obtained in
nerves supplying the intestinal area (splanchnic nerves).

Data from a representative experiment of the first experimental category, (involving
activity in the inferior cardiac nerve), are reproduced in Figures 1 through 4. In Figure
1 is depicted the response to graded hypoxia (bottom half is the continuation of upper
half). The neural output was processed with two time-constants of integration in order
to visualize detail (second trace from top), and the overall envelope (third trace from
top). The burst-type activity was caused by two types of modulation, cardiac and
respiratory — both increasing in amplitude with deepening hypoxia. It is noteworthy
that the burst pattern prevailed even at five percent oxygen (O9); during the final 100
percent nitrogen (Ng) the firing became continuous. During recovery (100 percent Oo)
the nerve activity went down to near zero (= one major division); concomitantly the
blood pressure (BP) rose and displayed the usual overshoot, It may be surmised that
the onset of bradycardia during the anoxic period was related to the dropoff of sym-
pathetic outflow, '

Details of the modulation synchronous with the cardiac and respiratory cycles may
be seen in Figure 2. Processed with a 5 msec time-constant (second trace from top),
the activity displayed a striking burst pattern; between bursts the amplitude is near
zero (= one major division). .
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Respiratory Anoxia When Not Preceded By Graded Hypoxia

Figure 3. Difference in Magnitude of Sympathetic Response to Acute
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The temporal relationships to the arterial pulse-wave and to the pulmon ry phasef
may be observed: peak amplitudes occur respectively duri ng diasto ,
punary deﬂation. (The curarized anial was ventila:ted ‘

The effects of carbon dioxide (COZ) on the aympathetic regponse to anoxia was :
observed in the same preparation - as depicted in Figure 4. With the introduction of
ten percent CO,, the neural bursts became strikingly respiratory and of high amplitude,
(The neural trace, 400 msec time-constant, was recorded with 0.4 the grain used in
previous recordings.) The magnitude of the sympathetic response indicates that those
previously described were not maximum; evidently, in the presence of CO, the neural
system was capable of higher output in response to anoxia. It is of interest to note
that although the initial BP rise reached a level comparable to that seen in Figure 3,
the relative change was greater. Again, the data suggest a causative relationship
between the reduction of sympathetic outflow and the onset of bradycardia during anoxia,

The augmenting effect of COy may have on the sympathetic response to hypoxia
(anoxia) is further illustrated in Figure 5. Data for the figure were obtained in an
experiment dealing with the other category of sympathetic outflows: those supplying
the peripheral vascular bed,

In this particular experiment, one succeeded in placing one electrode on the ninth
thoracic ramus and one distally on the sympathetic trunk, (Usually, the sympathetic
rami are too short for electrode placement,) The nerve activity displayed a pronounced
respiratory modulation; cardiac cycle modulation was small, In order to obtain more
precise information concerning modulation wave~forms and temporal relationships, the
cross-correlated nerve data were fed into a CAT 400 (Computer of Average Transients).
Trigger was derived from respiration transducer voltages and each tracing (Figure 5)
represents the average of 20 samples. In each section the lower and the upper trace
depict the hypoxic response in the presence of 1 and 7.5 percent COg respectively.
When changing from one Oy level to another, the sympathetic response comes on quickly
and reaches a steady state in the course of a few minutes (-dependent upon a relatively .
"steady ate'! of the circulatory reaponse). The tracings in section ""B" and "C" were

14
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In the experiments described so far, sympathetic activity was monitored at the
level of outflow either to the heart or to the peripheral vascular bed. In the experiment
to be described,neural activity was monitored at both levels simultaneously., The
responses to a period of anoxia are depicted in Figure 6. The nerve tracings - second,
third, and fourth from top represent the following sympathetic outflows: ascending,
preganglionic in the sympathetic trunk at the level of third thoracic segment (Th,III);
preganglionic in the greater splanchnic nerve; postganglionic in the greater splanchnic
nerve, The differences between the respective patterns are rather striking: at the
third thoracic segment the pre-anoxic, neural output was relatively high and displayed
only a reduction in response to anoxia; the splanchnic efferents, on the other hand,
responded with a great increase from a relatively low pre-anoxic level of activity.
Furthermore, significant quantitative and temporal differences is seen between pre~
ganglionics (7.5 m/sec) and postganglionics (1 m/sec) in the greater splanchnic nerve.

It is of interest to note that the Th,III response pattern in this figure (experiment
CV-93) contrasts sharply to that depicted in Figure 3 (experiment CV-203). The
opposite types of response observed in two experiments may be related to two important
variables, namely anesthesia and circulatory status. In experiment CV-203 (Figure 3)
the animal was anesthetized with pentobarbital and was normotensive; in experiment
CV-93 (Figure 6) the animal was anesthetized with chloralose-urethane and was hypo-
tensive before anoxia was introduced,

Discussion of Results, - As emphasized in the previous report, in response to
anoxia (or asphyxia) the sympathetic outflow in the upper thoracic segments may be
entirely different from that in the lower segments. Thus, sympathetic outflow to the
heart may differ from that reaching the peripheral vascular bed (e.g. in the intestinal
area). In the acute experimental situation, this differentiation is evident before
additional stress in the form of anoxia is introduced. Frequently, the activity in upper
thoracic segments is relatively greater (when compared to maximum) than in lower
segments, Conceivably, the open chest in these cases represents a contributing factor.
As for the differentiation in response to hypoxia, the pre-existing level appears important.
If the level is high, the only effect of hypoxia may be one of depression. In this context
the anesthetic used and the depth of anesthesia contribute relevant variables. While
chloralose-urethane anesthesia has the reputation of not depressing sympathetic activity,
barbiturates are well known to do so., Typically, in the experiment depicted in Figure
3 (one of the few performed under pentobarbital anesthesia in this series), the sympa-
thetic outflow in the inferior cardiac nerve was relatively small, but it could be in-
creased several fold by anoxia, In the experiment depicted in Figure 6, conducted
under chloralose-urethane anesthesia, from a pre-existing high level of activity only
anoxic depression was encountered,

The importance of "the past history" is also demonstrated by the difference in
response when anoxia is introduced acutely and when it follows a period of hypoxia.
The smaller response in the latter instance again indicates that the higher the activity,
the more susceptible it is to the depressant effect of anoxia. An important exception
is the effect of carbon dioxide (COg): in spite of an increased sympathetic outflow; the
response to hypoxia and anoxia is not reduced, but rather augmented,

16
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At what level (or levels) in the nervous system hypoxia exerts its depressant effect
cannot be deduced from the present experiments. The general rule is that the suscep-
tibility to hypoxia within the central nervous system increases in the ascending direction,
With respect to the circulatory centers, the evidence is that the direct effect tends to
be one of depression, - which is, however, more or less mask g
action of sxgnals arrwing from the chemoreceptors. The ) ol legree
of activity and hypoxic vulnerability as well as the apparent segmental diffe ntia:l:ion, e
are phenomena which could be attributed to the functional organiza:tion of the medullary
centers, It is, on the other hand, conceivable that sympathetic outflow may undergo
drastic modification at the spinal cord segmental level - a possibility of considerable
theoretical and practical interest.

The respiratory and/or cardiac cycle modulation of sympathetic outflow deserves
comment, The tendency to oscillatory behavior is accentuated by the presence of COg2,
seemingly by increasing the neural output and by shortening the time-constant involved.
The exact doubling of frequency (respiratory) seen during graded hypoxia in the presence
of 7 1/2 percent COg, Figure 5, is relevant, (Respiratory rate was kept constant in
the curarized animal,) The possible significance of modulated output patterns is at
this point speculative - whether one relates it to the properties of the regulatory centers
or to the effects on the peripheral target organs.

Conclusions. - In the acute experimental situation, sympathetic outflow in one
thoracic segment may differ from that in another. During anoxia this differentiation
may become accentuated; in an extreme, depression is seen in one segment while, at
the same time, the outflow is increased several fold in another,

In the sympathetic response to anoxia, the pfe-existing level of activity (segmentally)
appears to be an important factor: if the level is high, e.g. as caused by hypoxia,
anoxic depression is more likely to occur,

Increased tensions of CO92 augments sympathetic outflow both in the normal and in

the oxygen-deprived animal. Carbon dioxide exerts a profound and characteristic effect
on the pattern of outflow - tending to accentuate its oscillatory behavior,

Adrenal Medullary Catecholamines and Circulatory Responses to Hypoxia

: Griginally, these experiments (total 24) were designed to explore the possibility of
3 f hol .

“‘~‘1rne\thbds éi'e not s‘e lective and sensitive eﬁough to pinpoiht éhe fiber groups:involved in
‘the release of catecholamines,

18
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The similarities between sympathetic ganglia and the adrenal medulla suggest that
the dc potential over the gland might change as a consequence of activity, i.e., release
of catecholamines. In the few measurements made, changes did occur (e.g., during
anoxia or asphyxia), but in a rather unpredictable fashion, Data from one of the experi-
ments are reproduced in Figure 7. In response to asphyxia (introduced by stopping
the respirator used to ventilate the curarized animal), small shifts of dc potential were
observed in addition to transient oscillations. The introduction of drugs (e.g., succinyl-
choline) would cause dc shifts, which however, were unpredictable as to direction and
degree. Conceivably, improved methods might provide less ambiguous results.

Throughout the series of catecholamine experiments, graded hypoxia was frequently
used as a challenge, The individual response to hypoxia was strikingly unpredictable -
both with respect to catecholamine output and to circulatory behavior - and without any
obvious connection between the two. Further analysis of the data, however, indicated
a rather interesting trend.

Briefly summarized, in the data pooled from nine of the experiments, no clear
correlations were found between mean arterial blood pressure, degree of hypoxia and
total catecholamine output (Figure 8), However, when mean pressure was plotted
against norepinephrine-epinephrine ratio (Figure 9), a trend became apparent: the
higher the ratio, the higher the pressure, Possibly fortuitously, the ratio of unity
coincides with a mean pressure of about 110 mm Hg.

If the just described trend should be substantiated in further experiments, it would
raise the question of cause and effect: does the lowering of arterial pressure cause the
relative increase in epinephrine or vice versa? Or, are they both functions of some
other parameters ?

Whatever the relationships are, it seems of great theoretical and practical interest
to find out. The contrast between animals (cats) with low and high circulatory resistance
to hypoxia is striking; similar individual variations may exist in man,

Monitoring of Baroreceptor Signals

Baroreceptor signals, originating in the aortic arch, are transmitted via the left
depressor nerve to the brainstem of the central nervous system. In the neck (of cat
and dog) this nerve usually is a part of the vagus nerve, and is thus contained within
a common sheath (epineurium) together with several other nerve bundles, By cross-
correlating the signals obtained from the vagus trunk, it is frequently possible to
separate the traffic in the depressor fibers from that in other fiber groups.

Experimental Data, - Output from the aortic baroreceptors has been monitored in
chronic and in acute experiments.

19
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7. DC Potential Change as a Consequence of Release of Catecholamines
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Chronic experiments: The vagus nerve in the neck (particularly in the cat) lends
itself to chronic, i.e., electrode implantation experiments. The nerve is easily
accessible, and the pulsatile output pattern facilitates testing,

In Figures 10 and 11 are reproduced data from a representative experiment, The
data in Figure 10 were obtained shortly after implantation of electrodes, the animal
still being under the influence of anesthesia and surgery. Cross-correlated data,seen
in the left panel, was fed into the CAT - and the result of averaging is displayed in the
right panel, On the fifth day after surgery, utilizing identical data processing, the
records reproduced in Figure 11 were obtained., By gross inspection it is evident that
the changes in the central arterial pressure are in a sensitive manner reflected in
baroreceptor output patterns,

Acute experiments: The purpose of the experiment depicted in Figures 12 and 13
was to examine the question whether or not the transfer-function of the aoxrtic barore-
ceptors is constant, The reasoning behind this goes as follows: baroreceptors are
basically sensing stretch (distortion) of the vessel wall., The wall of the aorta contains
a certain amount of smooth muscle, innervated by sympathetic fibers. Consequently,
the possibility exists that sympathetic outflow, by changing the wall characteristics,
may alter baroreceptor transfer-function., In Figure 13 is seen the result of ganglionic
block induced with Arfonad. The purpose of Arfonad administration was to reduce
sympathetic "tone" by ganglionic block, The ensuing hypotension is seen in the right
panel of Figure 13. In order to create conditions (in the aorta) comparable to those
existing during the control period, a snare was placed around the aorta just below the
diaphragm,., On tightening the snare, the pressure in the aorta rose to levels comparable
to the control values. From the data obtained during aortic clamping, a section was
selected in which baroreceptor output most closely matched that seen during the control
period - as seen in Figure 12, right and left panel respectively, It appears that under
conditions of ganglionic block and a clamped abdominal aorta, less intra-aortic pressure
is needed for the same baroreceptor output. (Considering the rate sensitivity of the
receptors, it should be noted that the derivative of the pressure was similar under the
two conditions.,)

Information concerning arterial pressures reaches the brain from receptors located
in the aortic arch, right subclavian and right common carotid arteries, the carotid
sinuses, and the peripheral arterial tree, The sinoaortic are assumed to be the major
contributors under most circumstances.

Since the arterial pressure wave travels at a speed lower than that of neural conduc-
tion, it is likely that the centers in the brain will "'see" information arriving from the
aortic and sinus receptors at somewhat different times., In the experiment depicted
in Figure 14, nerve traffic was recorded simultaneously from the left depressor and the
left carotid sinus nerves, and displayed on an oscilloscope screen, the sweep being
triggered by the R wave in the ECG, Picture "A'" shows the bursts of nerve impulses
as they were recorded, and picture "B' shows the appearance after cross-correlation
(vagus) and integration (1 msec time-constant). It will be seen that the delay between
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Figure 13. Result of Ganglionic Block Induced With Arfonad
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the baroreceptors in cardmvascular ccntm ‘needs\.; urt er elucid

The results of acute experiments support the thesis that the relationship between
intra-aortic pressure variations and baroreceptor "output" is not a constant one,
Although obtained by indirect means, the evidence is that sympathetic ""tone' does
influence the "transfer function' - probably by its effect on anortic smooth muscle, as
suggested by Palmer and by Peterson,

The simultaneous recording of baroreceptor impulses from the aorta and from the
carotid sinus provided an accurate measure of pulse velocity along the cat carotid artery,
namely 16,7 meters per second. It may be worth noting that if a summing of the two
takes place in the brain centers, then both amplitude and temporal summation will con-
tribute to the waveform seen by these centers,

Monitoring of Signals from Pulmonary Stretch Receptors

On the basis of what had been learned during the program, in technology and in
physiology, it was proposed to the National Aeronautics and Space Administration that
the properties of the baroreceptors and their functional significance be made the subject
for continued study; these "feedback" signals are intimately involved in the performance
of the cardiovascular system, Late in the program it became evident that the means
to pursue the proposed course of action would not be available, Consequently, attention
was directed toward a related system, namely the pulmonary, Wxth gome improvisations,
this could be expl.ored mth the means at hand :
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Experimental Data. - A paper entitled '"Neural Monitoring of Pulmonary Ventilation'
was accepted for presentation at the 7th International Conference on Medical and Bio-
logical Engineering in Stockholm, August 14 - 19, 1967. A copy of the paper, as it
appears in the Transactions from the meeting, is included as Appendix A.

Because of space limitations in the Transactions, the experimental data reproduced
in Figure 15 were not included. The tracings were obtained by operating a sinusoidal
respiratory pump (curarized cat) at varying frequencies. In each section the upper
tracing represents neural output and the lower trace represents radial expansion of the
chest, It will be seen that within the frequency range of 5.5 to 60 per minute the nerve
pattern paralleled the variations in chest diameter, with little change in amplitude and
without phase-shift. '

Discussion of Results, - As with baroreceptor impulses, the signals from the pul-
monary stretch receptors may be analyzed from two points of view: origin and desti-
nation, With respect to their orgin, one wants to know what the generated information
represents; with respect to their destination (the central nervous system), one wants
to know what happens to the information, i.e., its functional significance. As of this
writing, we have had the opportunity to examine systematically only the first mentioned
aspect,

Although it is well known that the sensors in question are of the slowly adapting type,
it is rather remarkable the fidelity with which the nerve pattern mirrors the radial
expansion of the chest. When compared to the results obtained by other investigators,
the main experimental difference is that in the present experiments the recorded activity
is derived from a population of fibers and not only a few, Thus, contributing to the
overall envelope,will be both the number of fibers activated and the frequency of impulses
in each fiber.
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APPENDIX A
NEURAL MONITORING OF PULMONARY VENTILATION
(PAPER PRESENTED AT STOCKHOLM CONFERENCE)
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The vagus nerve contains fibers which carry approach, electrodes have been implanted on the
signals originating-in pulmonary stretch recep- vagus, allowing menitoring in the intact, un-
tors, It has been showm that the impulse fre- anesthetized animal, In conclusion, it appears
quency in the individual fibers increases with feasible to extract from the intact vagus infor-
expansiog of the lungs and the trachio-bronchial mation concerning pulmonary ventilation,
tree, The purpose of the present study is to

examine the feasibility of extracting this sen-
sory information from the intact vagus nerve and
to establish ,the relationship between the impulse
patterns and pulmonary ventilation,

Methods, In anesthetized cats, the right
vagus was exposed in the neck, Two pair of
electrodes were placed on it, After amplifica-
tion, the two channels of nerve signals were
recorded on tape, together with the data from
‘the following measurements: Pulmonary expansion
was measured by utilizing a spirometer and by
transducers sensing the movements of chest and
| ebdominal walls, Multiplied by suitable co-
efficients, the latter quantities were electron-
icelly added to give the sum of wall movements,
Air flow was measured with a hot-wire znemometer,
Played back from the tape recorder, the nerve

signals were analyzed by cross-correlation, and B Fig., 1. Spontaneous breathing., A, Sum of

the resulting impulse pattém was displayed on two chest g:dn. B, Pattern %t‘l sensory

ga “eal time basis together with the transducer nerve fibers, Time marker:  min.-and sec
ta. . ; . ' 1] - *

Results, In most cats weighing less than 2), "
kg, nerve traffic from pulmonary ‘stretch. recep-". ;
-tors can be obtained from the intact vagus with-
out splitting the epmeunum. Results of cross-
correlation analysis indicated maximun activity
in fibers conducting impulses-at speeds of 35 to
-45 meters per second, A near linear relation-
ship was found between the amplitudes of summed.
wall movements end of neural activity (Fig. 1).
In" the curarized animal, the linear relation-
ship appeared -to hold over a wide range of con-
trolled amplitudes ‘(Fig, 2).

mﬁ’m«uﬂ}ﬂ 1;4.11;%.1&»?? o
lmscussmn and Cenclusions, Tgebconuuction : et
velocitics ol tac fibers nonitored. beleng to a C: "
group which is dominated by slowly adapting T 5;%;1:@ anmzpﬁz\l:&:g ﬁlzﬁh;:‘l‘;latzd 2
fibers,3,4 In response to 2 sinusoidal infla- _of two chavt radii, B, Pattern in ;msox}'
; tien #;zed anim %o 6 mmi’ N £ib G Inflatmn prossuren

5. 3. Physiol,, 79, 332
,54), J, PhysioT,, 123; 71

s MG (1&43T’

1! pr
ty betieen cube root of Ms volune va.
and impulse fvequoency), - As an extension of this
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The vagus nerve contains fibers which carry
signals originating in pulmonary stretch recep-
tors., It has been shown that the impulse fre-
quency in the individual fibers increases with
expansiog of the lungs and the trachio-bronchial
tree, “#° The purpose of the present study is to
examine the feasibility of extracting this sen-
sory information from the intact vagus nerve and
to establish,the relationship between the impulse
patterns and pulmonary ventilation,

Methods, In anesthetized cats, the right
vagus was exposed in the neck, Two pair of
electrodes were placed on it, After amplifica-
tion, the two channels of nerve signals were
recorded on tape, together with the data from
the following measurements: Pulmonary expansion
was measured by utilizing a spirometer and by
transducers sensing the movements of chest and
gbdomina) walls, Multiplied by suitable co-
efficients, the latter quantities were electron-
ically added to give the sum of wall movements,
Air flow was measured with a hot-wire anemometer,
Played back from the tape recorder, the nerve
signals were analyzed by cross-correlation, and
the resulting impulse pattérn-wes displayed on
a real time basis tegether with the transducer
data,

Results, In most cats weighing less than 2Y
kg, nerve traffic from pulmonary ‘stretch. recep- .
“tors can be obtained from the intact vagus with-
out splitting the epineurium, Results of cross-
correlation analysis indicated maximum activity
in fibers conducting impulses at speeds of 35 to
45 meters per second, A near linear relation-
ship was found between the anplitudes of summsd.
wall movements and of neural activity (Fig, 1),
In the curarized animal, the linear relation-
ship appseared -to hold over a wide range of con~
trolled anplitudes '(Fig, 2).

Discussion and Cenclusions, The conduction
velocities ol tng fibers monitored belong to a
group vhich is dominated by slowly adapting
fibers.3,4 In response to 2 sinuscidal infla-
tion {curarized animal), § to 60 cycles per wmin,,
the waveform of the nerve traffic parallels that
of the chest-abdominal walls, without phase
shift and with little change in maplitude, The
linear relationship between the combined axes
{""radii"} of the chest and the povwer density of
the nerve impulses disagrees with Adrian's
Tesults, but is consistent with those of
Widdicombe (an approximetely linear proportion-
ality betieen cube root of his volume values
and impulse frequency), As an extension of this

Neural Monitoring of Pulmonary Ventilation
A.T. Gelman

Bio-Sciences and Technology
Departmnnt

~Hamilton Standard Division
United Aircraft Corporation
Wiindsor Locks, Connecticut, U.S.A.

approach, electrodes have been implanted on the
vagus, allowing monitoring in the intact, um-
anesthetized animal. In conclusion, it appears
feasible to extract from the intact vagus infor-
mation concerning pulmonary ventilation,
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B Fig, 1, ‘Spontaneous breathing. A, Sum of
two chest radii, B, Pattern in sensory
nerve fibers, Time marker:  min,-znd sec,

£ :Flg, 2, Curarized animal ventilated at
varying amplitudes of inflation., A, Sun
of two chest radii, B, PFattern in sensory
nerve fibers, C, Inflation pressure,
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